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SECTION 1

INTRODUCTION

The general objective of the contract is to improve our knowledge
of the meteorology of the planmets Mars, Venus, and Jupiter. Primary
emphasis is placed on the thermal state and circulation regimes in these

planetary atmospheres,

Research during the past three months has been devoted to: 1)
development and programming of a model for computing the vertical distri-
bution of radiative equilibrium temperature from the surface to the top
of a planetary atmosphere with a complete cloud cover (such as the Venus
atmosphere); 2) study, development, and application of models for esti-
mating average wind velocities and the general circulation characteristics
of the atmosphere of Venus; 3) development of a model for computing the
vertical distribution of radiative equilibrium temperature above the
clouds of Jupiter; and, 4) estimation of maximum winds likely to be

encountered near the surface of Mars.




SECTION 2

METEOROLOGY OF VENUS

2,1 RADIATIVE EQUILIBRIUM TEMPERATURE DISTRIBUTION IN THE VENUS

ATMOSPHERE

In Quarterly Progress Report No. 1, a model was developed for com~
puting the radiative equilibrium temperature distribution of the entire
atmosphere of a planet, such as Venus, that has a complete cloud cover.
It was assumed that the atmosphere above and below the cloud was grey
in the infrared and that the cloud behaved as a black body for infrared
radiation, The following radiative equilibrium conditions were applied:
1) the atmosphere above and below the cloud is in infrared radiative
equilibrium, 2) the upward infrared radiative flux at the top of the
atmosphere is equal to the incoming solar radiation, and 3) the net
infrared radiative flux at the surface is equal to the incoming solar
radiation. Application of these conditions led to equations for com-
puting the vertical distribution of radiative equilibrium temperature.

The necessary parameters and their adopted values were:
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where Te is the effective temperature of the incoming solar radiationm,
TO is the surféce temperature, Tg is the infrared opacity of the entire
atmosphere, Te is the infrared opacity level of the cloud-top, and LR
is the infrared opacity level of the cloud-base. In the model, opacity
increased upwards from a value of zero at the surface. The temperature
distribution computed with this model was unrealistic, The temperatures
in the sub~cloud layer were essentially isothermal at a value of about
696°K, while the temperatures in the above-cloud layer decreased from
237.3°K at the cloud-top to slightly less than 199°K at the top of the
atmosphere; there was a temperature drop of 456°K from the cloud-base to
the cloud-top. The unreasonable temperature distribution obtained with
this model is probably largely due to the assumption of a completely

black cloud cover. To remedy this defect, we are developing a model in

which the cloud is not a perfect absorber of infrared radiation.

Let us retain the same basic model as before, but let us now assume
that the cloud cover has an emissivity € and a transmissivity (l-¢) for
infrared radiation rather than an emissivity of 1 and a transmissivity
of zero. The net flux of infrared radiation at any level 1 above the
cloud-top can now be written as

T
F(t) = 2¢ Bc E3(1 - rc) + ZU/\ B(t) EZ(T - t)dt

Te

b
+ [ZBO E3(Tb) + 2 u/‘ B(t) Ez('rb - t)dt](l—€)2E3(1-Tc)
()

T

8
- zf B(t) E,(t - 7)dt (1)

T
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where F is the net flux of infrared radiation, 1 is infrared opacity, B
is black body flux, the E's are exponential integrals, and the subscripts

o, b, ¢, and g refer to the surface, the cloud-base, the cloud-top, and

the top of the atmosphere, respectively.

The net flux of infrared radiation at any level below the cloud-top

can now be written as

T

F(t) = ZBO E3(r) - 2¢ Bb E3(-rb -T) + Zd/\ B(t) EZ(T - t)dt
° (2)
T Tg
- zf B(t)Ez(t—'r)dt - [zf B(t)EZ(Tg-t)dt](l-€)2E3(1.'b-1').
T T
c
Applying the radiative equilibrium condition
dF =
dT 0) (3)
we obtain the following relationships
Above cloud:
T, T
o
2B(T) = BcEz(T-Tc) +b/\ B(t)El(lT-tl)dt + Z[BOE3(Tb) +l/\ B(t)Ez(Tb-t)dt]
Te o
(4)

e (1 -¢) EZ(T -vTC)




Below cloud:

T

b
2B(1) = Bo EZ(T) + Bbe Ez(rb-r) +h/‘ B(t) El(lf-tl)dt
° (5)
T
4
+ 2[ ‘/ﬁ B(t) Ez('rg - t)dt](l - €) Ez(-rb -7
T

c

Applying the condition that the upward infrared radiative flux at

the top of the atmosphere must balance the incoming solar radiation, we

obtain
Tg .
2e BCE3(Tg - Tc) + ZL/‘ B(t) Ez(Tg - t)dt + [ZBo E3(1b)
T
¢ (6)

b
+ ZU/‘ B(t) Ez(tb-t)dt](l - e)2E3(rg-1c) =0T
o

4
e

vhere Te is the effective temperature of the incoming solar radiationm.

From the condition that the net fluxes of infrared radiation at the

cloud~base and cloud-top are equal, we obtain

\b g
ZBOEB(Tb) - eBb + 2j B(t)EZ(Tb-t)dt - zf B(t)EZ('rg-t)dt (1-¢) =
o T
c
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T
g
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Equations (4), (5), (6), and (7) provide a system of equations that
can be solved numerically for the distribution of B and — since B is
proportional to T4 — the distribution of T above and below the clouds,
and for the values of B and T at the cloud-base and cloud-top. The neces-
sary input parameters are Te’ T;, Tg, T and Ty This model is currently
being programmed for a computer and results are expected during the next

quarter.
2.2 CIRCULATION STUDIES

In Quarterly Progress Report No. 1, we reported on the development
of and computations with 1) a model for estimating the average horizoatal
velocity in the Venus atmosphere (Haurwitz model), and 2) a model for
determining the circulation pattern in the Venus atmosphere (sea-breeze
model). Both models considered Venus to be non-rotating. The resulting
winds were due, in the first model, to a difference in radiational heating
between sub-solar and anti-solar points, and, in the second model, to a
temperature gradient between sub-solar and anti-solar points. For an
appropriate range of the necessary parameters, the maximum wind velocities
varied from 8 to 33 m/sec. During the past quarter, we have considered
two other theoretical models for estimating the circulation characteristics

of the Venus atmosphere. This work is summarized here.

First, a model due to Mintz (1962) is used to compute the mean wind

velocity., Since Venus is considered as a synchronously rotating planet,




the energy radiated to space in the dark hemisphere must be replaced by
an energy transport across the terminator from the sunlit side. Using a
simple two-layer model atmosphere and considering equal mass distribution
in these two layers, Mintz obtained a formula for the mean wind velocities
at the middle levels in each layer. In this model, the wind speeds at the
middle level of the top layer are equal to the wind speeds at the middle

level of the bottom layer, but the directions are opposite., His formula

is
(lma [ ] rraRsz (
v
1
where a = radius of Venus.
Pg = surface pressure.

7 = vertical temperature gradient.

4= - :§-= adiabatic temperature gradient.
P
Tl + 7T
T2 == temperature at middle level of the atmosphere
( )1 2.3° subscripts refer to the different levels of the atmos-
H

phere. Level 1 refers to the level at which pressure
is 1/4 of surface pressure, Py Level 2 refers to the
level at which p = 1/2 Py etc.

o = Stefan-Boltzmann constante

3

S~

B
L]

gas constant for atmosphere with molecular weight, m.
g = gravitational acceleration.

T = infrared brightness temperature.

= velocity at pressure surface 1/4 Py at terminator.
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The left hand side of the formula represents the outgoing energy in the
dark hemisphere and the right hand side represents the energy that must

be tramsported from the sunlit side. With the following data

Py = 10 atm, R/m = 3x106 c:mz/sec2 deg
T, = 580°K a=6x10°m
Te = 237°k (Sinton, 1963) g = 8.4 m/sec2
7/7d = 9/10 o= 5.7x10-5erg/cm2/sec/deg4,

3p
one obtains the velocity at level-—zE to be

VS= "‘100 m/sec ’

where the negative sign represents a wind direction toward the sub-solar
point. If we extrapolate to the surface, the wind velocity would be twice
this value, or

e ~2,0 m/sec,

This velocity is the smallest wind velocity we have obtained from
any of the theoretical models used thusfar., 1In order to obtain a realistic
estimate of the mean surface wind velocity, we must test and compare the

results of all available models of the gemneral circulation.

The following model of the circulation is based on a driving force
due to a net gain of radiational energy at the sub-solar point and a loss

of radiational energy at the anti-solar poiant. A two dimensional linear




model is used — that is, the circulation is represented on a vertical
plane extending from the sub-solar point to anti-solar point and the
planet's curvature is neglected. Since the effect of rotation of Venus

is negligible, motion is mainly in the meridional direction (here we
define the meridional direction in the direction of lines joining the sub-
solar and anti-solar points). To keep the mathematics tractable, the
motion is assumed to start from relative rest. Then, the equations of

motion, energy equation, and equation of continuity can be simply written

as
2 ot
Vvs - 3
v > 1€3))
o¢ RT
%" ©
k7’1 + Tw = L (10)
P
g% +%‘: -0 (11)
where Q = non-adiabatic net heating.
c_ = specific heat at constant pressure.

vsK = eddy viscosity and eddy heat conductivity respectively,

(here we assume v/K = 1).

v = velocity in the meridional direction (in y-direction).

w = g% = vertical velocity in pressure coordinates system.
T,p = temperature and pressure respectively.
V2 = Laplacian operator,




¢ = geopotential height.
R = gas constant for Venusian atmosphere.
r
T 06 _ OT d
= i = e =
stratification factor 5 55 gp- + Bp_/a—z_ (as a
first approximation, I' is assumed to be - B /p ).
I‘d = dry adiabatic lapse rate.

6 = potential temperature,

From the equation of continuity (11), we may write

= o
Sp

where ¥ = stream function. Substituting Equation (12) into (8) and (10)

<
!

and (12)

and eliminating ¢ by using Equation (9), we obtain

2
VV2 6_!2[ = %Z (13)
p y
and
2
R L P (14)
dy Y %p

If we approximate the eddy viscosity and heat conductivity by Rayleigh
friction and Newtonian conductivity, i.e., by replacing vVZ by c, and

eliminating T from Equation (13) and (14), we obtain

2 2 2
R 2 c
dy op P
% B
Let q= 2<-B—> and P=--2,
Py P

10




Equation (15) can be then written as

Py 2 3% 2 _ay> Po 3Q
+ -4 - . (16)
Byz RB_ an q 9q cho‘S;

Let the net non-adiabatic heating, Q, as a function of latitude and pres-

sure, be represented by

Q = DqJ, (q) [N(y) -3 J

o]
where D= S(1 - A}///\/P qu(dq)%f.
o

S = the solar constant at Venus' distance from the sun.

A = the planetary albedo,

2 (-é)%.

q=
a= 1,916
PyP, = pressure and surface pressure respectively.
DN(y) = variation of absorption of solar radiation as a function

of latitude alone.
W = long-wave radiation is a constant over all horizontal
surfaces.

J, = Bessel function of the first kind of order one.

Further let

¥ = DqJ, (qQ)f .

f = the horizontal distribution of stream function.

11




In the above definitions, the vertical profile of the net energy is

assumed proportional to qu(aq) and the horizontal distribution is assumed

proportional to N- % where N is assumed as a cosine function between y=0

and y=% and zero between y=% to y=L as shown in Figure 1.

Substituting ¥ and Q into Equation (16) and leﬂing = @ (P repre~
senting the angle between sub-solar point and any point on the surface

along the meridional direction), one obtains

2
o°f d
- ues }‘551? (17)
o
2c282 P2
where M= T A= B .
o op

The function N can be approximated by a Fourier cosine series in a range

between 0 and x as

- +]
=._°
2 + Za‘e cos £ (18)
=1
where i?_‘l a =4+
2 n °* 1 2

—L—)——-cos 2mp, at £> 2.
(lun -1)x

The function f in ¥ can be assumed as a Fourier sine series

AIN

Z sin ng (19)

12
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Substituting (18) and (19) into Equation (17), then multiplying sin ng

and integrating ¢ from 0 to n, one obtains

ad okl
-(n2+u)bn=- 1n{%5+ z —(:1%—-—}
ol

(4m~-~1)
or w
ol
bngn;: {%5*'2(;31)}; (20)
H =l -
0 s, n#1
oo .
1 ’ n=1
More explicitly
I S
b= T+s3
S
2 34+ )
b (Y

4 T 15(16 + p)

6

%6 = 35036 + 1)

14




Therefore, the stream function ¥ and velocity v can be written as

% % 2 ) n 2 4
v = 2](-&-),]1[2(_(-&;) };{{ZT}; sinq>+—ﬁz_}u—§- sin 2""'1'5?1%‘&?5 sin 4

(21)
6 8
+msinw-msin8¢+ PO .}
and
¥ om0, Py 21
v = p-p [20(-2-> ]—{41ﬂsinq>+3(w)sin2(p
(22)

4\
-msinﬁq}'i'.........} .

At the terminator, i.e. @ =-§ » Equation (22) becomes

ey [ (l’—>] : (23)

With the same values of the parameters used in Quarterly Progress
Report No. 1, D is about 3.5x10-6callgm/sec. The computed wind velocities

for this model and other models are shown in Table 1.

The first two results are obtained from Quarterly Progress Report
No. 1. The present model yields a smaller wind velocity, which is close

to that based on Mintz's model,

The horizontal distribution of v with latitude of the model (up to
second harmonics) is shown in Figure 2. The stream function is plotted

in Figure 3. It is seen that the maximum surface velocity is not at the

15




TABLE 1

Estimated surface level wind velocities in the Venus
atmosphere obtained from different models.

Velocity
Models (m/sec) Remarks
7 2
Sea Breeze Model 33 v=kK= 10 cm /sec
(maximum velocity is at 7 km above
surface).
Haurwitz's Model 18 c= 10-5/sec;at surface and tropo-
pause level,
P An oo A Y Gn 00 BB CD W W YD D W e wn Gp wm e G S CU SN WD - 4 r --------------------- WD OB e R ST W W U S S e o S
Mintz's Model 2.0 -gz- = - 8°/km;at surface and tropo-
z
pause level,
Present Model c = 10-5/sec, -?T: = -8°/km, maximum
value at @ % 70° 1lat.
1.10 at surface level;
2.75 at top of the atmosphere.
c= 10'5/sec of _ -5°/km, maximum
s '& ]
value at ¢ ~ 70° 1lat.
0.20 at surface level;
0.50 at top of the atmosphere.
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terminator but on the sunlit side at somevhere between 60° and 70° latitude
on our scale. The center of the vertical circulation is also located at
the same latitude and the circulation is not symmetrical. The asymmetry
of the circulation is probably due to the asymmetry of the gradient of the
non-adiabatic heating. This asymmetry probably causes a strong upward
flux of heat in the area immediately surrounding the sub-solar point.
Since no net energy can be retained in a horizontal slice, the area of
upuvard motion is smaller than the area of downward motion. As to the
asymmetry in the vertical direction, it is mainly related to the vertical
profile of the non-adiabatic heating function, Q, vhich we assumed to be
asymmetrical for mathematical simplicity. Further investigation of the
radiational heating function in the Venusian atmosphere is necessary, If
the maximum intensity of the heating function is shifted downward in the

atmosphere, then the entire circulation pattern would also shift dovmwards.

The range of wind velocity estimates shown in Table 1 serves to
indicate the present uncertainty in wind velocities in the Venus atmos-
phere. It is hoped that this range can be narrowed dowm by refinement

of the models.,
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SECTION 3
METEOROLOGY OF MARS

3.1 ESTIMATION OF MAXIMUM WIND NEAR THE SURFACE

A landing vehicle descending through the Martian atmosphere will be
subject to horizomtal transport by the prevailing atmospheric winds. If
there are surface relief features on the planet, such a horizontal trans-
port may lead to possible damage of the vehicle as it is carried horizon-
tally to a collision with the solid surface. To properly design for such
a possibility, it is desirable to have an estimate of the maximum wind
likely to be encountered near the surface. We have started to look into

the problem of estimating maximum winds near the surface.

The strongest surface wind velocities in the terrestrial atmosphere
are found in tornadoes and typhoons or hurricanes. An expression for
estimating the maximum surface wind speed for a convective vortex, such as

a hurricane, has been derived by Kuo (1959).

w {7 - G
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vhere v = maximum tangential velocity.

7= ;2 = the ratio of specific heat at constant pressure

to the specific heat at constant volume.
R = gas constant for the atmosphere.
p_. = surface pressure at center of the vortex.

p_ = surface pressure at a distance where the wind velocity

o
is zero.
c~-c
K = poisson constant = —P-c—! .
P
TO = surface temperature.

In a hurricane, the lowest surface center pressure is probably about 950 mb
and the surface pressure P, is 1000 mb. Uhen the sea surface temperature,
Tb’ is 290°K, the maximum wind speed, from the above formula, is about

94 m/sec. This is comparable to the maximum obgerved wind speeds in hurri-
canes, On Mars, the noon-time temperature in the equatorial area is about
280°K. The center pressure of a vortex corresponding to a tropical storm
on Mars has not been determined. However, a disturbance of surface pressure
in a range of 2 to 3 mb in the equatorial area of Mars may be possible. If
the center pressure is 2 mb lower than the surrounding surface pressure

(po = 25 mb) and K is the same as on Earth, the corresponding maximum sur-

face wvind velocity in the vortex is approximately

vﬁax = 114 m/sec.

21




For P, = 3 mb, vmax is approximately

v = 140 m/sec.
max

Both wind speeds are larger than the wind speed in a hurricane on Earth.
From the governing equation of maximum velocity, it is noticed that the
dominating factor is the ratio of the center pressure to the surrounding
pressure. Since the latest estimate of surface pressure on Mars is about
25 mb, a slight disturbance will create a severe wind storm. To obtain

a maximum wind equal to the maximum wind speed computed for a hurricane
on Earth, a central pressure of 23,75 mb is required. It remains to be
answered whether a drop of 1.25 mb in the surface pressure of a Martian
storm is likely. If large parts of the Martian surface are covered with
sand, the heating and cooling by radiation will be rapid. Such conditions
will lead to strong vertical comvection. Yellow clouds are frequently
observed at heights greater than 10 km, This implies storms of great
vertical development and horizontal intensity. A drop of 1 to 3 mb in the
center, compared to the mean surface pressure of 25 mb, is a likely possi-

bility under such conditions.

Now let us seek a second method of estimating the maximum surface
wind on Mars. An analysis of the observations of the places of origination
and the movements of yellow cloud systems on Mars suggests that their
behavior is quite similar to hurricanes on the Earth., The size of a yellow

cloud system on the first observation of a series (DeVaucouleurs, 1954) on

22




the date October 11, 1911 is about 500 km in radius. Then the radius of
the tropical storm on Mars (here we define the radius of a storm as the
distance from the center to a point on the circumference . at vhich the
tangential wind velocity is nearly zero) is probably very close to this
value. If we use this value for the radius of the assumed tropical storm,
and assume that the center pressure of this storm is 3 mb lower than the
average surface pressure, and that the surface density is 5x10'sg/cc, then,
from the gradient wind formula for a cyclonic vortex at about 15° latitude
(f = 0.38x10-4/sec), the cyclonic wind velocity in the tropical storm can

be calculated. The mean wind velocity is

% [(egai8)- ]

where V = mean wind velocity, corresponding to the wind at r =
T-2
2 .

r = distance from center,

r = mean radius = 5 .
r, = radius of the system.

f = Coriolis parameter,

p = density.

p = pressure.

Based on the values of the parameters presented above, the mean velocity

in the storm is about

23




72{?%%‘%] = 52 m/sec .

If we assume that the wind velocity increases linearly with distance from

a value of zero at the edge of the storm to its maximum value at the center
of the storm, we can obtain an estimate of the maximum wind by simply
doubling the value of the computed average wind. This results in a value
of 104 m/sec for the maximum wvind, which is in general agreement with the
value of 140 m/sec obtained, for a similar pressure drop, with the maximum

wind formula discussed previously.

Since the estimates of the maximum wind speed based on the pure
theoretical approach and on the size of an observed dust storm are in
reasonable agreement, the estimate of a maximum surface wind speed of about
140 m/sec and a center pressure of the storm of about 22 mh which is 3 mb

less than the mean surface pressure, 25 mb, is plausible.

Although the above discussion indicates how an estimate of the
maximum surface wind on Mars can be derived, there is no indication of
what percentage of the time such winds may occur. For design purposes,
it is usually desirable to have an estimate of the frequency of occurrence
of high winds., The following discussion indicates how such estimates may

be obtained,

Recently, Ryan (1964) and Gifford (1964) have presented estimates of

the minimum wind speeds necessary to initiate dust storms in the Martian

24




atmosphere. The yellow clouds in the Martian atmosphere are generally
believed to be manifestations of such dust storms., The minimum velocities
obtained by these authors for a height of one meter above the surface are

listed in Table 2.

TABLE 2

Minimum horizontal wind speed at a height of 1 meter
necessary to initiate dust storm (km hr-1l).

|
Ryan (1964) Gifford (1964)

Surface Model 1 Surface Model 2
k{cm) 80 mb 25 mb 30 mb 25 mb

k(cm) 100 mb 10 mb

0,03 40 95 60 145 0.3 14 72
0.006 -~ - 70 180 -—— - -
0.003 - - 75 190 -——- - -

In Table 2, k is a measure of the surface roughness, the pressures refer

to the surface pressure on Mars, and Ryan's Models 1 and 2 refer to different
assumptions about the Martian surface. The variation in speeds between
Ryan's surface model 1 and Gifford's model is mainly due to the difference

in assumed surface roughness, although differences in surface pressure and

other necessary constants also contribute to the variation between the two

25




authors., Regardless of the variation in wind speed among the different
models, the important thing is that these authors have developed a model
for estimating the threshold wind speeds near the surface that are re-
quired to initiate dust storms. If we assume that whenever such a wind
speed occurs on Mars, a dust storm and yellow cloud will result, then,
by determining the frequency of occurrence of yellow clouds, we can

estimate the frequency of occurrence of the threshold wind speeds.

Yellow cloudg are known to be a rare occurrence on Mars., However,
until recently no one has ever given a quantitative estimate of frequency
of occurrence. Recently, Gifford (1964) estimated that yellow clouds
displaying motion occur slightly more than once per opposition period.
This estimate was based upon a search of the literature, and files and
publications of various observatories. Over a period of 87 years, only
53 examples of yellow cloud motion could be found. Let us assume that a
reasonable estimate of the occurrence of yellow clouds is once per
opposition period. To be conservative, let us further assume that obser-
vations of Mars are only made during a two-month period around opposition,
and that all the reported observations of yellow clouds occurred during
these two-month periods. This assumption leads to an estimate of one
yellow cloud every sixty days. If we assume that the average yellow cloud
lasts one day and that the wind speeds necessary to initiate the cloud
last just as long, we can estimate that threshold wind speeds occur 1/60

of the time. This means that 59/60 tHs of the time the wind spee@s are

26




less than the threshold value. This type of argument can be refined
further by taking into consideration the area covered by the average yellow
cloud and favored locations of occurrence on the planet. However, before
making such refined estimates, we should attempt to resolve some of the
differences in estimated threshold wind speeds. An attack on this problem

is planned for the next quarter.
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SECTION 4

METEOROLOGY OF JUPITER

4.1 VERTICAL VARIATION OF RADIATIVE EQUILIBRIUM TEMPERATURES ABOVE CLOUDS

The presence and approximate amounts of ammonia and methane above the
clouds of Jupiter have been deduced from spectroscopic observations. Both
of these gases have absorption bands in the infrared region of the spectrum
and should play an important role in shaping the vertical distribution of
radiative equilibrium temperature above the cloud-top. The absorption
coefficients of these gases are wavelength dependent. Therefore, to com-
pute the radiative equilibrium temperature distribution, we would like to
develop a nomn-grey radiative transfer model applicable to the Jupiter

atmosphere.

We can divide the infrared region into a finite number of spectral
intervals, in each of which the absorption coefficient can be considered

constant. For each spectral interval, we will have a different opacity,

as follows: z
T (2) = klfpdz
()
Tz(z) = kzulfpdz (24)
P

'rn(z) = knfpdz
o
28



where 1 is opacity, z is height, k is the absorption coefficient, and p is
density of absorbing gas. We can relate the opacities of all spectral
intervals to a reference opacity, for example, to the opacity of the first
spectral interval by the formula

k
B

Tn(z) = kl 7(2) = whr(z)

where w_ is the ratio of the absorption coefficient in the r'th spectral
interval to the absorption coefficient in the reference spectral interval.
The flux of radiation at the opacity level T at height z can then be

written as

F(t) = Fl(T) + FZ(WZT) S P Fn(th)' (25)

The condition for radiative equilibrium requires that

W ., (26)
dt
which can be written as
d -

The expressions for the fluxes of radiation at the level 1 for the

various spectral regions can be written as
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T T
g
Flc-r) = 231(0)E3(r) + ZfBl(t)Ez('r - t)dt - Zf Bl(t)Ez(t - 1)dt
3 T
W, T
Fz(wzr) = 232(0)E3(w21) + ZJ[‘ Bz(t)Ez(wzr - t)dt
0
W,T
- Zf Bz(t)Ez(t - Wz'l')dt (28)

Wz'l'

W T
n

ZBn(o)EB(th) + 2\/\ Bn(t)Ez(th - t)dt

o]

Fn(wnr)

w

nTg
- zf Bn(t)Ez(t - wn'r)dt
w T
n

where Bl(o), Bz(o), and Bn(o) are the black-body fluxes radiated by the
cloud-top in the lst, 2nd, and nth spectral region; the E's are exponential
integrals, and Tg is the opacity of the entire atmosphere above the cloud-
top in the reference spectral interval. After applying the radiative
equilibrium condition (27) and simplifying, one can obtain the following

expression
Bl(t) + szz(wzr) S P Wth(th) =
r
+ % LBI(o)EZ(T)+B2(o)w2E2(w27)+ ese annEz(wnT)]
T
g 2
+ %f [Bl(t)El(I'r-tl) + B,(t)w, E, (w,|-t|)
o

S PN Bn(t)wanl(wth-tl)] dat . (29)
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At a particular level, 1, in the atmosphere, the black-body fluxes in each

spectral interval depend solely on the temperature at that level and can

be determined from Planck's law. Thus, if one divides the atmosphere into
m levels, one can write an equation similar to (29) for each level. There
would be (ortl) unknowns — the temperature at the cloud-top and the temper-
atures at each of the m levels above the cloud-top. By imposing the con-
dition that the outgoing infrared radiation must balance the incoming solar
radiation at the top of the atmosphere, we can obtain an additional equation
that makes it possible to solve for the unknown cloud-top temperature and
the m unknown atmospheric temperatures. The equation of balance at the

top of the atmosphere can be written as

Z[Bl(o) E3(Tg) + Bz(o) Eﬁ(szg) + .0 Bn(o) E3(wh1g]

T

g
+ zf l-Bl(t)Ez(Tg-t) + Bz(t)Ez(wzlrg—t')+ ...Bn(t)Ez(wn]Tg-t')Jdt
(¢}

4
o Te (30)

where Te is the effective temperature of the incoming solar radiation and
o is the Stefan-Boltzmann comstant. Given Te and the variation of absorp-
tion coefficient with wavelength, it is possible to determine, from the
numerical analogues of (29) and (30), the radiative equilibrium temperature
distribution from the CIOud;tOp to the top of Jupiter's atmosphere. Com-

puter programming of this model will begin in the next quarter.
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